Abstract. The purpose of this study is to investigate the performance and emission parameters of a CI single cylinder diesel engine operating on biodiesel-diesel blends (B0, B5, B10, B15 and E20: 20% biodiesel and 80% diesel by volume). A reactor was designed, fabricated and evaluated for biodiesel production. The results showed that increasing the biodiesel content in the blend fuel will increase the performance parameters and decrease the emission parameters. Maximum power was detected for B0 at 2650 rpm and maximum torque was belonged to B20 at 1600 rpm. The experimental results revealed that using biodiesel-diesel blended fuels increased the power and torque output of the engine. For biodiesel blends it was found that the specific fuel consumption (sfc) was decreased. B10 had the minimum amount for sfc. The concentration of CO 2 and HC emissions in the exhaust pipe were measured and found to be decreased when biodiesel blends were introduced. This was due to the high oxygen percentage in the biodiesel compared to the net diesel fuel. In contrast, the concentration of CO and NOx was found to be increased when biodiesel is introduced.
Introduction
The CI engines are widely utilized due to its reliable operation and economy. As the petroleum reserves are depleting at a faster rate, an urgent need for a renewable alternative fuel arise [1, 2] . Also the threat of global warming and the stringent government regulation made the engine manufacturers and the consumers to follow the emission norms to save the environment from pollution [3] . Among the many alternative fuels, biodiesel is considered as a most desirable fuel extender and fuel additive due to its high oxygen content and renewable in nature [4] . Alternative fuels for diesel engines are becoming increasingly important due to diminishing petroleum reserves and the environmental consequences of exhaust gases from petroleum fuelled engines [5, 6] .
A number of studies have shown that triglycerides hold promise as alternative diesel engine fuels. So, many countries are interested in that, for example, evaluation of the production of biodiesel in Europe since 1992 shows an increasing trend [7] . Waste vegetable oil methyl ester is a biodiesel. Biodiesel is defined as the mono alkyl esters of long chain fatty acids derived from renewable lipid sources [8] . Biodiesel, as defined, is widely recognized in the alternative fuel industry. Biodiesel is typically produced through the reaction of a vegetable oil or animal fat with methanol in the presence of a catalyst to yield glycerin and methyl esters [9] . The blend of 75:25 ester/diesel (B25) gave the best performance [10] .
Among the attractive features of biodiesel fuel are: (i) it is plant, not petroleum-derived, and as such its combustion does not increase current net atmospheric levels of CO 2 a ''greenhouse'' gas; (ii) Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under licence by IOP Publishing Ltdit can be domestically produced, offering the possibility of reducing petroleum imports; (iii) it is biodegradable; and (iv) relative to conventional diesel fuel, its combustion products have reduced levels of particulates, carbon monoxide, and, under some conditions, nitrogen oxides.
It is well established that biodiesel affords a substantial reduction in SOx emissions and considerable reductions in CO, hydrocarbons, soot, and particulate matter (PM) [11] . There is a slight increase in NOx emissions, which can be positively influenced by delaying the injection timing in engines [12] .
Castor (Ricinus communis L.) is one of the most promising non-edible oil crops, due to its high annual seed production and yield, and since it can be grown on marginal land and in semi-arid climate. Currently, edible oils account to more than 95% of the world biodiesel production. This is due to the fact that they are easily available from large scale agricultural production activities; however, this is not a desirable situation due to the potential impacts on food supply leading to the so called "food versus fuel dispute".
In addition to the social aspects, it is known that the cost of the raw-materials can account for 70-95% of total biodiesel production cost; therefore, alternative low cost raw materials are also essential to overcome economic constraints to its production. Amongst the most studied crops are: jatropha, karanja, castor rice bran, linseed, coriander, tobacco seed, cotton, rubber and wild mustard.
The comparison of plantation costs and oil yields of the mentioned crops, place castor clearly on the top of the most interesting non-edible crops. The castor oil seeds usually contain 40-55% of oil, a very high potential as compared to other most commonly used oil crops (soybean: 15-20% (w/w), sunflower: 25-35% (w/w), rapeseed: 38-46% (w/w), and palm: 30-60% (w/w)). In addition, the cost of plantation can be 50% of the cost of planting rapeseed and 25% of the cost of planting jatropha [13] .
Experimental set up

Design of experiment
The performance and emission parameters from the engine running on biodiesel (derived from castor oil) and blended with diesel fuel (B5, B10, B15 and B20) were evaluated and compared with diesel fuel (B0) (figure 1). The properties of biodiesel fuel investigated and it has been proved that all specifications are in the standard range based on the ASTM standard (table 1). Gas Chromatography (GC) machine was utilized to biodiesel product analysis (figure 2). Above 20% biodiesel, engine could not run smoothly, therefore, only experimental results obtained up to this percentage of biodiesel will be presented. The fuel blends were prepared just before starting the experiment to ensure that the fuel mixture was homogenous.
A series of experiments were carried out using diesel, and the various biodiesel blends. All the blends were tested under varying engine speed conditions (1600, 1950, 2300, 2650 and 3000 rpm). The engine was started using diesel fuel and it was operated until it reached the steady state condition. The engine speed, fuel consumption, and load were measured. After the engine reached the stabilized working condition, performance and emission parameters were measured. All experiments have been carried out at full throttle setting. To adjust ignition timing, electronic ignition system was used.
Before obtaining data from the engine operated with a new blended fuel, the engine was operated using the new fuel for sufficient time to clean out the remaining fuel from the previous blend. In this paper, the quantity BX represents a blend consisting of X% biodiesel by volume, e.g., B5 indicates a blend consisting of 5% biodiesel in 95%diesel. Five test fuels were used in this study: 0% biodiesel (B0); 5% biodiesel (B5); 10% biodiesel (B10); 15% biodiesel (B15); and 20% biodiesel (B20). The experiments were performed on one cylinder, four-stroke, and compression-ignition (CI) Diesel engine (specification of engine has been illustrated at table 2).
A SCHENCK eddy-current dynamometer was used in the experiments. Fuel consumption rate was measured by using laminar type flow meter, Pierburg model. Air consumption was measured using an air flow meter. Five separate fuel tanks were fitted to the gasoline engine and this contained diesel and the biodiesel-diesel blends. A schematic diagram and real of the experimental setup is shown in figure  3 . An ultrasonic reactor was used for biodiesel production from castor oil (figure 4). Figure 5 shows the effect of various fuels on engine performance parameters. When the biodiesel content in the blended fuel is increased, the engine power and torque slightly increased for all engine speeds. The gain of the phenomena can be attributed to the increase of the indicated mean effective pressure for higher biodiesel content blends. With the increase in biodiesel percentage, the density of the mixture and the engine volumetric efficiency increases and this causes the increase of power. The trend of performance curves (power and torque) are very common like those mentioned in valid concerned existing literature. Range of speed was selected between 1600 rpm and 3000 rpm. Engine test results with net diesel fuel showed that maximum torque was 27.2 Nm which occurred at 1600 rpm. The maximum power was 8 kW at 2650 rpm.
Results and discussion
Power and torque for fuel blends at full load are shown in Figure 5 . Considering power and torque performance with fuel blends, one can say that the trend of these parameters vs. speed is perfectly similar to net diesel fuel. Figure 5 (a) shows engine speed and engine power relationship at full load condition using net diesel fuel and fuel blends. The net diesel fuel was used as a base for comparison. The fuel blend behavior was similar to that of net diesel fuel in developing power. Figure 5 (c) and (d) shows fuel consumption and specific fuel consumption with various fuels blend percentage. The curves show that brake specific fuel consumption of fuel blends trends is very similar to net diesel fuel. Specific fuel consumption of fuel blends is higher than net diesel fuel. In other words, increasing fuel blend percentage, a mild increase in brake specific fuel consumption is observed. The gain of the engine power can be attributed to the increase of the indicated mean effective pressure for higher biodiesel content blends [14] .
The heat of evaporation of biodiesel is higher than that diesel, this provides fuel-air charge cooling and increases the density of the charge, and thus higher power and torque output is obtained [15] . With the increase in biodiesel percentage, the density of the mixture and the engine volumetric efficiency increases and this causes the increase of power. Added biodiesel produces lean mixtures that increase the relative air-fuel ratio to a higher value and makes the burning more efficient. The improved antidetonation behavior) allowed a more advanced timing that results in higher combustion pressure and thus higher torque [16] .
For biodiesel blends it was found that the specific fuel consumption (sfc) was decreased. B10 had the minimum amount for sfc. The sfc decreases as the biodiesel percentage increases. This is due to the increase in brake thermal efficiency due to increase of indicated work [17] . The concentration of CO 2 and HC emissions in the exhaust pipe were measured and found to be decreased when biodiesel blends were introduced. This was due to the high oxygen percentage in the biodiesel compared to the net diesel fuel. As a result of the lean burning associated with increasing biodiesel percentages, the CO2 emission decreased because of the improved combustion [11] .
In contrast, the concentration of CO and NOx was found to be increased when biodiesel is introduced. The CO concentration increases which means the combustion is tuned to be completed [18] . The reduction in CO concentration using blended fuels is due to the fact that biodiesel has higher carbon than diesel. Another significant reason of this increase is that the oxygen content in the blended fuels increases. The oxygen-to-fuel ratio in the fuel-rich regions. Relative air-fuel ratio approaches 1 as the biodiesel content of the blended fuel increases, and consequently combustion be comes complete.
The NOx concentration is higher when biodiesel percentage increases. When the combustion process is closer to stoichiometric, flame temperature increases, therefore, the NOx emission is increased, particularly by the increase of thermal NO. Due to higher performance and lower emissions, it has been recommended to use 10 Volume% biodiesel in diesel fuel in diesel engines [18, 19] .
Biodiesel contains oxygen in its structure. When biodiesel is added to diesel fuel, the oxygen content of fuel blend is increased and thus less oxygen is needed for combustion. However, oxygen content of fuel is the main reason for more complete combustion and hence HC emission reduction. Figure 6 show the relationship between the fuel blends and CO and HC concentrations respectively. The concentration of CO 2 and HC emissions in the exhaust pipe were measured and found to be decreased when biodiesel blends were introduced. This was due to the high oxygen percentage in the biodiesel compared to the net diesel fuel. In contrast, the concentration of CO and NOx was found to be increased when biodiesel is introduced. 
Conclusions
The results revealed that increasing the biodiesel content in the blend fuel will increase the performance parameters and decrease the emission parameters. Maximum power was detected for B0 at 2650 rpm and maximum torque was belonged to B20 at 1600 rpm. The experimental results revealed that using biodiesel-diesel blended fuels increased the power and torque output of the engine. The gain of the engine power can be attributed to the increase of the indicated mean effective pressure for higher biodiesel content blends. The heat of evaporation of biodiesel is higher than that diesel, this provides fuel-air charge cooling and increases the density of the charge, and thus higher power output is obtained.
For biodiesel blends it was found that the specific fuel consumption (sfc) was decreased. B10 had the minimum amount for sfc. The sfc decreases as the biodiesel percentage increases. This is due to the increase in brake thermal efficiency due to increase of indicated work. The concentration of CO 2 and HC emissions in the exhaust pipe were measured and found to be decreased when biodiesel blends were introduced. This was due to the high oxygen percentage in the biodiesel compared to the net diesel fuel. As a result of the lean burning associated with increasing biodiesel percentages, the CO 2 emission decreased because of the improved combustion.
In contrast, the concentration of CO and NOx was found to be increased when biodiesel is introduced. The CO concentration increases which means the combustion is tuned to be completed. The NOx concentration is higher when biodiesel percentage increases. When the combustion process is closer to stoichiometric, flame temperature increases, therefore, the NOx emission is increased. Due to higher performance and lower emissions, it has been recommended to use 10 Volume% biodiesel in diesel fuel in diesel engines.
